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{Department of Physics, University of Maryland, College Park, MD 20742ABSTRACT Antigen binding to the B cell receptor (BCR) induces receptor clustering, cell spreading, and the formation of
signaling microclusters, triggering B cell activation. Although the biochemical pathways governing early B cell signaling have
been well studied, the role of the physical properties of antigens, such as antigenmobility, has not been fully examined.We study
the interaction of B cells with BCR ligands coated on glass or tethered to planar lipid bilayer surfaces to investigate the differ-
ences in B cell response to immobile and mobile ligands. Using high-resolution total internal reflection fluorescence (TIRF)
microscopy of live cells, we followed the movement and spatial organization of BCR clusters and the associated signaling.
Although ligands on either surface were able to cross-link BCRs and induce clustering, B cells interacting with mobile ligands
displayed greater signaling than those interacting with immobile ligands. Quantitative analysis revealed that mobile ligands
enabled BCR clusters to move farther and merge more efficiently than immobile ligands. These differences in physical reorga-
nization of receptor clusters were associated with differences in actin remodeling. Perturbation experiments revealed that a
dynamic actin cytoskeleton actively reorganized receptor clusters. These results suggest that ligand mobility is an important
parameter for regulating B cell signaling.INTRODUCTIONCellular sensing of the environment is mediated by surface
receptors that bind to specific ligands and initiate signaling
pathways. In many cases, the ligands are confined on a sur-
face and receptor-ligand interaction requires the direct con-
tact of cells with the activating surface. Genetic and
biochemical approaches have elucidated the molecular
mechanisms of receptor signal transduction. However,
recent studies have revealed that the spatial organization
and physical presentation of surface ligands can regulate
signaling (1–6). Despite its importance for the regulation
of signaling, the role of physical factors of ligands that con-
trol the distribution of receptors is not well understood.
The cells of the immune system require contact between
two cell surfaces for communication (7). As a critical part of
the humoral immune response, B-lymphocytes are activated
by the binding of antigens (Ag) to clonally specific B cell
receptors (BCR) (8). B cells commonly encounter two forms
of antigens in lymphoid organs, soluble and membrane-
associated (9–12). Although multivalent, soluble antigens
induce BCR clustering and B cell activation (13), recent
studies have shown that surface-anchored antigens are
more efficient in triggering B cell activation (14,15). The
binding of antigen to the BCR results in receptor cross-
linking as well as conformational changes in the BCR,
facilitating the aggregation of BCRs into microclusters
(~ 300 to 600 nm diam.) (9,15,16). BCR microclusters
recruit a number of signaling intermediaries, which initiate
activation of downstream biochemical pathways (8,17).Submitted June 18, 2013, and accepted for publication October 28, 2013.
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0006-3495/14/01/0026/11 $2.00Initiation of signaling drives the rapid spreading of B cells
on the surface of the antigen-presenting cell. This is induced
by the reorganization of the actin cytoskeleton and can
further amplify the signaling response (18–20).
In the lymph nodes and spleen, B cells encounter antigen
commonly presented by antigen presenting cells, such as
marginal zone macrophages (9) and follicular dendritic cells
(DC) (12,21,22). Antigen is commonly presented as large
complexes such as viral aggregates, antibody-antigen and
complement-opsonized antigen aggregates, as well as anti-
gen-coated microspheres and complexed with aluminum
hydroxide gel injected as vaccines, and are capable of
triggering B cell activation (17). Antigen absorbed by
aluminum hydroxide gel, the most common adjuvant and
vehicle of FDA-approved vaccines, would be immobile,
whereas antigen in immune complexes presented by Fc
and complement receptors on the surface of antigen present-
ing cells (APC) will have varying degrees of mobility,
depending on the size of immune complexes and the
cytoskeletal architecture of the APC that may further
constrain antigen movement. However, whether antigen
mobility affects BCR clustering and signaling is an open
question.
BCR signaling is dependent on signaling-induced actin
reorganization (19,20). BCR stimulation induces rapid
depolymerization of actin followed by repolymerization
(23). Perturbing the cortical actin network, which increases
the lateral mobility of surface BCRs, can facilitate BCR ag-
gregation and signaling activation (20,24). Although actin is
known to be important for maintaining cortical integrity, and
the depolymerization of actin has been shown to increase re-
ceptor mobility potentially by removing the cortical barriershttp://dx.doi.org/10.1016/j.bpj.2013.10.043
Ligand mobility affects B cell signaling 27to movement, whether the actin cytoskeleton plays an active
role in BCR microcluster formation and coalescence has not
been fully examined.
In this study, we investigate the impact of ligand lateral
mobility on BCR dynamics and signaling activation. Using
high-resolution time-lapse imaging of live cells, we compare
themorphology and BCR clustering of B cells when interact-
ing with mobile ligands tethered on planar lipid bilayer and
immobile on glass surfaces. We show that ligand mobility
significantly modulates B cell spreading dynamics, forma-
tion and movement of receptor clusters, actin organization,
as well as the level of signaling activation. Our data reveal
a potential role for the actin cytoskeleton in regulating the
sensitivity of BCR clustering to ligand mobility. Our results
indicate that the physical properties of the ligand regulate
the level of BCR signaling bymodulating B cell morphology,
receptors, and actin organization.MATERIALS AND METHODS
Cell culture and preparation
A20cells or enhancedgreenfluorescent protein (EGFP)-actin expressingA20
cells were cultured as described previously (19,25). Cells were used at a den-
sity 7  105 cells/mL for imaging. Surface BCRs were labeled with Alexa
Fluor 546 labeled mono-biotinylated Fab’ fragment of antimouse IgMþG
antibody (AF546-mB-Fab’-anti-Ig, 2.5 mg/mL, Jackson ImmunoResearch,
West Grove, PA), generated as described previously (25) at 4C before
incubating with streptavidin (SA) coated glass and planar lipid bilayers.
As a control, cells were incubated with Cy3-labeled Fab’ fragment of goat
antimouse IgG (2.88 mg/mL) to label surface BCRs and biotinylated trans-
ferrin (3.5 mg/mL) to label surface transferrin receptor at 4C before incu-
bating with substrates at 37C. For intracellular staining, cells were fixed
with 4% paraformaldehyde in phosphate buffered saline (PBS) at various
time points after incubation, and then labeled with antiphosphotyrosine anti-
body (4G10, Millipore, Billerica, MA), followed by Cy2-goat antimouse
IgG2b (Millipore). For inhibition of actin polymerization, cells were incu-
bated with Latrunculin A (100 nM, L5163, Sigma, St. Louis, MO).Substrate preparation and imaging
Immobile ligand substrate: eight-well glass bottom LabTek (155411,
Thermo Scientific, Waltham, MA) dishes were coated with 0.01% PLL
for 10 min and dried for 1 h, washed 3  with PBS and then coated with
1 mg/mL SA for 1 h and finally blocked for 10 min at 37C.
Mobile ligand substrate: glass cover slips were cleaned with NanoStrip
(539200, Cyantek, Fremont, CA). A lipid mixture of 5 mM and a DOPC/
DOPE-cap-biotin ratio of 100:1 was created by vesicle extrusion
(610000, Avanti Polar Lipids, Alabaster, AL). Wells were incubated for
10 min with lipids at 4 mM, washed with excess PBS, then incubated for
10 min with 2 mg/mL SA and washed thoroughly. Lipid mobility was veri-
fied using a fluorescence recovery after photobleaching (FRAP) assay. Only
substrates with at least 70% recovery (Fig. S1 in Supporting Material) were
used for experiments. After coating, surfaces were washed thoroughly to re-
move unbound SA. Based on previously published measurements, typical
SA densities on bilayer surfaces were estimated to be ~ 1500 per mm2
(4). Enzyme-linked immunosorbent assay (ELISA) assays were used to
confirm similar densities of SA on glass and bilayer substrates (See
Fig. S2 and Methods in Supporting Material).
Cells were seeded onto chambers for imaging and maintained at 37C us-
ing an airstream incubator (ASI400 Nevtek, Williamsville, VA). Imageswere collected using an inverted microscope (TE2000 PFS, Nikon, Mel-
ville, NY) with a cooled CCD camera (Coolsnap HQ2, Photometrics, Tuc-
son, AZ) at a frame interval of 3 s. EGFP-actin and fluorescent receptors
were imaged with total internal reflection fluorescence (TIRF) using a
60 1.49 NA objective lens, a 491 nm laser (100 mW, Andor, South Wind-
sor, CT) for EGFP excitation, and a 561 nm laser (75 mW, Andor) for
AF546 excitation. Identical imaging conditions were used for both types
of substrates.Image analysis and BCR cluster tracking
BCR cluster tracking was performed using the MATLAB (Mathworks,
Natick, MA) image analysis package uTrack (http://lccb.hms.harvard.edu/
software.html) (26). Postprocessing of tracked data was performed with
custom programs in MATLAB. The same settings were applied to a field
of nonmoving particles of similar size and average cluster displacement
was calculated. Three times this value was set as a lower threshold for
meaningful cluster motion.RESULTS
Ligand lateral mobility modulates B cell
spreading and BCR aggregation
To examine the effect of ligand mobility on BCR signaling
and activation, we labeled surface BCRs on A20 lymphoma
B cells with monovalent, biotinylated, fluorescently labeled
Fab’ fragment of antibody (AF546-mB-Fab’-anti-Ig), which
labels the BCR without cross-linking and ensures that
BCR clustering is entirely attributable to the streptavidin
coated on a glass cover slip or planar lipid bilayer. This
model system has been shown to induce spreading of B cells
(25) and actin reorganization, recapitulating many aspects
of early cellular events of BCR signaling (17). We analyzed
the spreading response of B cells using interference reflec-
tion microscopy (IRM). Within a few seconds of incubation,
cells established contact with the streptavidin-coated sub-
strate and formed small adhesive patches. Following this,
the cells spread on the surface, increasing their contact
area, reaching a plateau at 6 min (Fig. 1, A and B). The
cell spread area at 8 min was larger on glass (98.1 5
11.3 mm2, mean 5 SD) than that on bilayer substrates
(66.8 5 7.4 mm2) (Fig. 1 C). To test whether the observed
cell spreading results from stimulation, we measured the
spread areas at 8 min of B cells on glass or bilayer under
nonstimulating conditions using biotinylated transferrin
(biotin-Tf). The binding of biotin-Tf labeled receptor to
coated streptavidin enables cells to interact with glass and
bilayer surfaces without cross-linking and stimulating
BCRs. We found that B cells under this nonstimulatory
condition, on both streptavidin-coated glass and lipid
bilayers did not show significant spreading (Fig. 1 D),
suggesting that the spreading of B cells requires BCR
signaling.
As B cells spread on a stimulating surface, BCRs accu-
mulate in the contact zone (8,18). We examined the effect
of ligand mobility on the accumulation of BCR during
spreading using TIRF microscopy. BCR clusters formedBiophysical Journal 106(1) 26–36
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FIGURE 1 Effect of ligand mobility on spreading and BCR accumulation of A20 B cells. (A) Time-lapse IRM images showing the increasing contact zone
of a cell spreading on an activating bilayer substrate. (B) Time-lapse IRM images of a cell spreading on an activating glass substrate. (C) Contact area as a
function of time for representative cells spreading on a bilayer (dark gray) and glass (light gray) surface. (D) Average final spread areas (with SE) for cells on
glass (N ¼ 23) and bilayer (N¼ 22). The spread area at 8 min for cells on a glass surface (G-Fab) was greater than that on a bilayer (B-Fab) (p<0.05; t-test).
Spread areas of cells on both the glass (G-Fab) and bilayer (B-Fab) surface were significantly larger than for control conditions of transferrin mediated
spreading for glass (G-Tf) (p<0.001, t-test) and bilayer (B-Tf) (p<0.001, t-test). (E) Time-lapse TIRF images of AF546 labeled BCR clusters in an A20
cell spreading on a supported lipid bilayer. Cell contour obtained from IRM is shown in white. (F) Time-lapse TIRF images of BCR clusters for a cell
spreading on a glass surface. The cell contour is drawn in white. (G) Increase in total BCR fluorescence intensity in the contact zone as a function of
time on supported lipid bilayer (dark gray) and glass (light gray) substrates (mean and SE) (H) Mean fluorescence intensity of labeled BCR at the contact
zone at 8 minutes for cells on bilayer (B-Fab) (N ¼ 34) and glass (G-Fab) (N ¼ 18) substrates. MFI was significantly larger for cells on bilayer surfaces
(p<0.001, t-test). MFI for bilayer and glass was also significantly higher than for cells spreading under control conditions on bilayer (B-Tf) (N¼16)
(p<0.001) and glass (G-Tf) (N¼24) (p<0.001). All scale bars are 5 mm.
28 Ketchum et al.upon initial contact and continued to increase in number and
intensity as the cell contact area increased (Fig. 1, E and F).
The total fluorescence intensity of BCR staining, indicative
of BCR accumulation in the contact zone, increased over
time until saturation on surfaces with either immobile or
mobile ligands (Fig. 1 G). However, there were significant
differences between cells on the two types of surfaces. Cells
on glass achieved maximum BCR fluorescence at ~ 2 min,
but on lipid bilayers, the BCR fluorescence intensity
continued to increase for at least 6 min. Cells on glass sub-
strates showed smaller increases in BCR fluorescence and
lower fluorescence intensity at all time points compared
with cells on lipid bilayers. Since both cell area and BCR
fluorescence reach their plateau by 8 min, we used this as
the nominal end point for all our subsequent analyses. The
mean fluorescence intensity (MFI) of BCRs at 8 min was
also significantly higher on lipid bilayer than on glass sub-
strates (Fig. 1 H). Cells spreading under nonstimulating
conditions (as described before) made limited contact with
the surface and showed significantly lower MFI than theirBiophysical Journal 106(1) 26–36stimulated counterparts on both bilayer and glass (Fig. 1
H). To ensure that the greater BCR accumulation observed
on the bilayer surface was not because of increased coating
of streptavidin on bilayer compared with glass, we verified
that the coating density of streptavidin was similar for glass
and bilayer substrates using ELISA (Fig. S2). To test
whether the increase in BCR clustering on bilayers was
because of increased accumulation of mobile streptavidin
in the contact zone, we stimulated cells using AF546-mB-
Fab’-anti-Ig to coat the bilayer. This system is also known
to induce robust BCR activation and signaling (25).
Although streptavidin again formed distinct clusters in the
center of the B cell contact region, the MFI in the contact
region did not show as large an increase (Fig. S3), indicating
that the accumulation of mobile streptavidin alone is not
sufficient for the increase in BCR clustering. Further, we
verified that photobleaching was minimal during our time-
lapse imaging and similar on both glass and bilayer
(Fig. S4). Taken together, these results suggest that the
increase in BCR fluorescence intensity, corresponding to
Ligand mobility affects B cell signaling 29BCR accumulation and the formation of receptor clusters, is
a specific response to interactions of the BCR with stimu-
lating ligand, and that the level of BCR clustering is regu-
lated by ligand mobility.
We next asked whether the differences in receptor accu-
mulation on lipid bilayer and glass influenced BCR
signaling activation. We examined the differences in the
levels of signaling by measuring the phosphotyrosine (pY)
levels. We allowed A20 B cells to interact with ligand on
glass and lipid bilayer substrates for various lengths of
time, immuno-stained for pY after fixation, and analyzed
the spatial pattern of tyrosine phosphorylation at the cell
contact zone. pY staining of B cells rapidly arose at 2 min
in a similar manner on both the lipid bilayer (Fig. 2 A)
and the glass (Fig. 2 B) forming loci that became more
numerous over time. However, on bilayer substrates, pY
loci became brighter and larger than those on the glass.
The MFI of pY was greater in the contact zone of B cells
on the bilayer than those on glass at all time points, but
both reached their peaks at 6 min. BCR clusters on the
bilayer appeared to organize into a recognizable immune
synapse (Fig. 2 C) and began to decrease at 8 min. We
further quantified the signaling levels in individual clusters
using an intensity threshold. Consistent with the pY levelsA
Bilayer
B
Glass
2 min 4 min 6 min 8 min
2 min 4 min 6 min 8 min
M
FI
 (A
U)
Time (min)0 2 4 6 8 10
200
400
600
C
M
ea
n 
In
te
ns
ity
Bilayer Glass
***
0
400
200
D
FIGURE 2 Signaling levels are affected by ligand mobility. (A, B) TIRF
images of phosphotyrosine (pY) staining for cells spreading on supported
lipid bilayer (A) or glass (B) substrates and fixed at the indicated times after
surface engagement. (C) Mean fluorescence intensity (MFI) of pY staining
of cells (Bilayer N>21; Glass N>15) spread on a supported lipid bilayer
(dark gray) and glass (light gray) surface at the indicated time points,
plotted with standard error. The differences were statistically significant
for all time points except at 2 min (p<0.001; t-test). (D) Comparison of
mean fluorescence intensity (per pixel of cell contact area) of pY labeled
clusters for cells fixed at 6 minutes (N ¼ 32 bilayer and N ¼ 29 glass) acti-
vated on bilayer and glass surfaces. Mean intensities were significantly
higher for cells on the bilayer surface (p<0.001; t- test).in the B cell contact zone, the MFI of individual pY clusters
for B cells on bilayer surfaces was higher than that on glass
substrates (Fig. 2 D).Effect of ligand mobility on BCR microcluster
formation, dynamics, and signaling
BCR signaling proceeds by the aggregation of BCRs
within the contact zone into microclusters and the subse-
quent induction of downstream signaling pathways (8,27).
The enhanced levels of BCR signaling in response to
mobile ligands compared with immobile ones may arise
because of differences in BCR clustering. To test whether
ligand mobility influenced microcluster formation, we per-
formed a detailed analysis of BCR cluster dynamics. We
identified BCR clusters with custom software (see
Methods) by fitting a Gaussian profile to an intensity distri-
bution above a predefined threshold. The peak of the
Gaussian corresponds to the brightness of the cluster and
is proportional to the amount of receptors accumulated in
the cluster (Fig. S5), whereas the location of the cluster
corresponds to the position of the peak. We show represen-
tative TIRF images of clusters on the bilayer and glass sur-
face respectively in Fig. 3, A and B and the spatial maps of
the fluorescence intensity at each pixel and the correspond-
ing Gaussian fits to the three-dimensional intensity map in
Fig. 3, C–F. The peak intensity is higher for clusters in
B cells on bilayer than for those on glass. Accordingly,
the average peak intensity of BCR clusters on bilayers
was significantly larger than those on glass substrates
(Fig. 3 G). Further, the ratio of the peak intensity of clus-
ters to the MFI over the cell contact area was significantly
higher for B cells on the bilayer surface than for those on
glass (Fig. 3 H). We also found that the number of BCR
clusters tracked during 8 min time-lapse movies to be
significantly lower on the glass than on the bilayer sub-
strate (Fig. 3 I). Taken together, these results suggest that
BCR accumulation and cluster formation is more efficient
when cells interact with mobile ligands than with immobi-
lized ligands.
The formation of BCR clusters is critical for the initiation
of signaling and antigen gathering (7,15,20,24). To quantita-
tively compare the dynamics of BCR clusters on the
different surfaces, we identified and tracked individual
BCR clusters from time-lapse images, and calculated
ensemble statistics of BCR cluster behavior. We categorized
these tracks into three groups, ‘‘short’’ (less than 0.6 mm),
‘‘medium’’ (less than 1.2 mm), or ‘‘long distance’’ (greater
than 1.2 mm). Fig. 4, A–C show time-lapse TIRF images
of three representative clusters, long, medium, and short,
with the calculated track coordinates superimposed on the
images. To obtain a wider view of the cluster tracks, a repre-
sentative selection of BCR cluster tracks are superimposed
on a TIRF image of B cells on lipid bilayer (Fig. 4 D) and
glass substrates (Fig. 4 E), respectively. RepresentativeBiophysical Journal 106(1) 26–36
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FIGURE 3 BCR cluster formation is distinct on
bilayer and glass surfaces. (A, B) Representative
TIRF images of two clusters in a cell spreading on
a bilayer surface (A) and a glass surface (B). (C, D)
Color maps with the color corresponding to the pixel-
wise fluorescence intensity of each of the clusters on
bilayer (C) and glass (D). (E, F) Gaussian fits to the
pixelwise intensity data in C and D. Scale bars denote
50 AU. (G) Comparison of the peak intensity of BCR
clusters on glass versus bilayer substrates. Peak inten-
sities on bilayer were significantly larger than on
glass (N¼8850 clusters, bilayer; N¼4917 clusters,
glass; p<0.001; KS-test). (H) The ratio of peak fluo-
rescence intensity of clusters to the mean intensity
over the cell contact area was significantly larger
for bilayer as compared to glass substrates (N¼37
cells, bilayer; N¼26 cells, glass; p<0.01;t-test). (I)
Average number of clusters detected and tracked
per cell on glass versus bilayer substrates. The bilayer
surface had significantly higher number of clusters
(N¼23 for both; p<0.001, t-test).
30 Ketchum et al.medium- and long-distance tracks of each type are plotted
with the cell contour at 8 min for a cell on bilayer
(Fig. 4 F) and glass (Fig. 4 G).
The fraction of mobile clusters (medium and long dis-
tance) was larger in B cells on the bilayer surface (30%)
than that in B cells on the glass surface (10%). The ligand
on glass surface generated a higher percentage (> 90%) of
short distance clusters as compared to the bilayer surface
(70%). The track lengths of BCR clusters show a heavier
tailed distribution for tracks on the supported lipid
bilayer surface than on glass (Fig. 4 H), indicating a pre-
ponderance of longer cluster tracks on the bilayer substrate.
These data suggest that BCR clusters induced by mobile
ligand traverse longer distances than those induced by
immobile ligand. We found an inverse correlation between
peak intensity of clusters and their average velocity
(defined as the total distance traveled divided by the total
time taken, Fig. 4 I), indicating that highly mobile clustersBiophysical Journal 106(1) 26–36are likely to contain less BCR than slower-moving ones.
We next quantified the fate of BCR clusters on the two sub-
strates. Cluster tracks may end in one of two ways: ceasing
to be tracked by disappearing from the field or by reaching
the end of the movie (‘‘end’’), or joining another cluster
(‘‘merge’’). On the bilayer substrate, BCR clusters had a
significantly higher probability of merging with one another
as compared with the glass substrate (Fig. 4 J; N ¼ 23
cells). These results are consistent with earlier studies
that postulate a diffusion-trap model of BCR microcluster
growth, wherein microclusters form and enlarge by binding
diffusing receptors (28,29). To examine how BCR accumu-
lation within clusters was affected by ligand mobility, we
quantified the ratio of the peak intensity at the end of a
track to the peak at the start of the track (representing the
change in BCR density over time). This ratio was also
significantly higher for clusters induced by mobile ligand
as compared to those by immobile ligand (Fig. 4 K). These
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FIGURE 4 BCR cluster dynamics depends on ligand mobility. (A, B, C) Time-lapse TIRF images of representative BCR clusters in cells spread on bilayer
substrates. The calculated track is overlaid at each time point and corresponds to a ‘‘long’’ (A), medium (B), and a short track (C). Scale bars: 1mm. (D, E)
Representative selection of cluster tracks (red) superimposed on TIRF images of fluorescently labeled BCR taken at 6 minutes after the initiation of spreading
on bilayer (D) and on glass (E). (F, G) Example medium distance and long distance cluster tracks from eight minutes of imaging (red) superimposed on the
outline of a representative cell on bilayer (F) and glass (G). (H) Histograms of the total distance traveled by tracked clusters on bilayer (blue) and glass (red),
superimposed for comparison. Smooth curves represent the cumulative distribution of distances traveled on the two types of substrates, bilayer (blue) and
glass (red). The difference between the two distributions is statistically significant (p<0.001; KS test). (I) Peak intensity of each cluster plotted against its
average velocity (total distance traveled divided by the total time taken) for all tracked clusters on bilayer (blue) and glass substrates (red). (J) Comparison of
the different types of cluster events, i.e. number of clusters that end or merge on bilayer (blue) versus glass (red) (Merge: p<0.01; t-test). (K) The ratio of peak
intensities from the end to the beginning of each cluster track for clusters moving on bilayer (blue) versus a glass (red) surface (p<0.001; t-test). The number
of clusters examined were N¼8850 bilayer; N¼4917 glass.
Ligand mobility affects B cell signaling 31results indicate that mobile ligands presented on mem-
branes enable more efficient recruitment of BCRs into pre-
existing clusters.
To ensure that the differences shown above were not spe-
cific to the A20 B cell line, we examined cell spreading and
BCR clustering of mouse splenic B cells. These were
labeled with AF546-mB-Fab’-anti-Ig and activated by
streptavidin-coated glass and lipid bilayers in the same
way as the A20 cells. Time-lapse TIRF images of
spreading primary B cells show the formation of BCR clus-
ters on both glass and bilayer surfaces (Fig. 5, A and B).
Primary B cells spread to a greater extent on glass as
compared with bilayer, (Fig. 5 C) similar to the A20 cells.
The MFI of labeled BCR at the contact zone was signifi-
cantly higher for cells on the bilayer as compared with
the glass surface (Fig. 5 D). The average peak intensity
of clusters was significantly higher for clusters induced
by the bilayer surface as compared with those induced by
the glass surface (Fig. 5 E), demonstrating that ligand
mobility enabled clusters to recruit a larger amount of re-
ceptor/antigen pairs.Actin organization with respect to BCR and
receptor cluster formation and signaling
The actin cytoskeleton is known to play an important role in
BCR organization and activation at the B cell surface
(19,23,30). To test the effect of ligand mobility on actin dy-
namics and organization with respect to BCR clusters, we
used dual color time-lapse imaging of A20 cells expressing
EGFP-actin and labeled surface BCRs. As the cell spread,
actin formed localized patches throughout the contact
zone and distinct lamellipodia with retrograde actin flow
during the later stages of spreading. We analyzed the rela-
tionship between the dynamics of BCR clusters and local
actin patches. Actin patches often formed in close proximity
to BCR clusters. On glass surfaces, these patches remained
near the BCR clusters but were typically immobile
(Fig. 6 A) , as shown by the peaks of the intensity profiles
of actin and BCR cluster (representing their location), which
do not move over time (Fig. 6 B). On the other hand, actin
patches associated with BCR clusters induced by ligand
on lipid bilayer moved concurrently with BCR clusters asBiophysical Journal 106(1) 26–36
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FIGURE 5 Spreading and BCR clustering in mouse primary B cells. (A)
Time-lapse TIRF images of AF546 labeled BCR clusters in a primary B cell
on a supported lipid bilayer. Cell contour obtained from IRM imaging is
shown in white. (B) Time-lapse TIRF images of BCR clusters in a primary
B cell spreading on glass. Scale bars are 5mm. (C) Final spread areas
(mean 5s.e.) for cells spreading on glass (N¼27) and bilayer (N¼17).
The final area on glass surfaces was significantly larger than those on
bilayer surfaces (p<0.05; T-test). (D) Comparison of mean fluorescence in-
tensity (MFI) of labeled BCR at the cell surface contact zone at 8 minutes
for bilayer (N¼10) and glass (N¼48). MFI on bilayer surfaces was found to
be significantly greater than that on glass (p<0.01; t-test). (E) Comparison
of peak intensities of BCR clusters on bilayer versus glass substrates. Peak
intensities were significantly higher on bilayer surfaces (N¼928 bilayer;
N¼2463 glass; p<0.001; KS-test).
32 Ketchum et al.shown by the movement of the two intensity peaks (Fig. 6, C
and D). Quantitative analysis showed that they moved
with similar average speeds (4.2 mm/min, n ¼ 10 cells,
p > 0.1). These results suggest that actin dynamics coordi-
nate with the movement of BCR clusters induced by mobile
ligands.
To further elucidate the relationship between actin
patches and BCR cluster dynamics, we tracked a large num-
ber of moving actin patches and BCR clusters. We generated
the histograms of distances traveled by actin patches and
BCR clusters induced by mobile and immobile ligands
(Fig. 6, E and F), and quantified the distributions using
the Kullback-Leibler distance (KLD) (31), a measure of
similarity of two probability distributions. On bilayer sub-
strates, the actin patches and BCR clusters had very similar
distributions, indicating that they moved similar amounts
(KLD ¼ 0.0232), whereas the actin patches were consider-
ably more mobile than BCR clusters on glass substrates
(KLD ¼ 0.2034). Taken together, our results suggest thatBiophysical Journal 106(1) 26–36on bilayer surfaces, actin and BCR movements are coupled,
whereas on glass surfaces they are not.
We next examined whether the differences that we
observed on the localized movement of BCR and actin re-
sulted in global differences in spatial organization of actin.
In the early stages of activation and spreading, actin patches
were interspersed with early BCR clusters in the B cell con-
tact zone on both bilayer and glass surfaces (Fig. 7, A and B,
2 min). As cells spread on the bilayer surface and BCR
clusters merged into larger clusters, the actin was observed
to surround larger aggregates of BCR clusters (Fig. 7 A,
8 min). In contrast, on the glass surface, actin patches
remained interspersed randomly with BCR clusters
(Fig. 7 B, time 8 min). To correlate actin distribution with
receptor signaling, we analyzed the spatial relationship be-
tween actin and pY staining. On the bilayer substrate, actin
patches appeared to surround the pY rich regions (Fig. 7, C
and D), whereas on the glass substrate pY signaling loci
were largely colocalized with actin patches (Fig. 7, E
and F). We quantified the pixelwise Pearson’s correlation
coefficient for localization of actin and pY in B cells on
glass (N ¼ 16) and bilayer (N ¼ 21) at 6 min (Fig. 7 G).
There was a significantly higher degree (p < 0.05) of anti-
correlation between the actin and pY in cells on the bilayer
surface than those on glass. On bilayer surfaces, the locali-
zation pattern of pY in relation to actin (Fig. 7 C) was qual-
itatively similar to the pattern of BCR with relation to actin
(Fig. 7 A). This is consistent with previous studies showing
that pY staining strongly colocalizes with BCR fluorescence
(24). These results indicate that the dynamic actin cytoskel-
eton may regulate BCR signaling capability by modulating
the mesoscale movement and spatial organization of BCR
clustering.
Given our observations that the movement of BCR clus-
ters on the bilayer surface was coordinated with movement
of actin patches, we hypothesized that actin polymerization
may provide the driving force for these movements. To
test this hypothesis, we treated cells with Latrunculin-A
(Lat-A), a drug that sequesters actin monomers and pro-
motes actin depolymerization, after the initial formation of
BCR microclusters. We allowed A20 cells to spread for 2
to 3 min and form mobile clusters. We then added Lat-A
to the imaging well at a final concentration of 100 nM,
whereupon we found that the movement of BCR clusters
decreased dramatically on the bilayer surface. The tracks
of cluster movements were much shorter in the presence
of Lat-A as compared to the control (Fig. 8, A and B). Quan-
titative analysis of cluster tracks revealed that movement of
BCR clusters on bilayer substrates was affected to a greater
degree by Lat-A as compared to the movement on glass sub-
strates. This is shown by the larger difference (KLD) be-
tween the distance distributions of tracks with and without
Lat-A on the bilayer surface (KLD ¼ 1.0732) (Fig. 8 C)
compared with that on glass substrates (KLD ¼ 0.0575)
(Fig. 8 D). Consistent with this, BCR clusters in B cells
Distance traveled (µm)
Fr
eq
ue
nc
y
E
Glass Glass BilayerC DA B Bilayer
pixelspixels
Distance Traveled (µm)
Fr
eq
ue
nc
y
F
FIGURE 6 Actin dynamics are distinct on
bilayer and glass substrates. (A) Time lapse dual
wavelength TIRF images of a representative BCR
cluster (red) and an EGFP-actin patch (green) on
a glass surface. Images are separated in time by 3
sec intervals. Scale bar is 1 mm. (B) Intensity pro-
files measured along the line drawn on the top
panel. The peaks corresponding to the center of
the BCR cluster (solid line) and actin patch
(dashed line) show no net movement. (C) Time
lapse dual wavelength TIRF images of a represen-
tative BCR cluster (red) and an EGFP-actin patch
(green) on a bilayer surface. Images are separated
by 6 sec intervals. Scale bar is 1 mm. (D) Intensity
profiles measured along the line drawn on the top
panel. The peaks corresponding to the center of
the BCR cluster (solid line) and actin patch
(dashed line) show a net movement (1.5 mm)
away from the cell center. (E) Histograms of the to-
tal distance traveled by tracked BCR clusters (blue)
and actin patches (green) on a bilayer surface,
superimposed for comparison. Smooth curves
represent the cumulative distribution of distances
traveled by BCR clusters (blue; N¼8850) and actin
patches (green; N¼1610). (F) Histograms of the to-
tal distance traveled by tracked BCR clusters (red;
N¼4917) and actin patches (green; N¼2843) on
a glass surface, superimposed for comparison.
Smooth curves represent the cumulative distribu-
tion of distances traveled by BCR clusters (red)
and actin patches (green).
Ligand mobility affects B cell signaling 33on bilayers moved significantly smaller distances upon
Lat-A application, as compared with those in untreated cells
(Fig. S6 A). In contrast, the mean distance moved by BCR
clusters in cells on glass substrates were much less affected
by application (Fig. S6 A). Furthermore, the average veloc-
ity of BCR clusters on bilayer surfaces was significantly
lowered by Lat-A application, whereas the average velocity
of clusters on glass increased in the presence of Lat-A
(Fig. 8 E). These data indicate that actin polymerization
plays a more active role in the movement of BCR clusters
on the bilayer surface that those on the glass. Further, we
observed that upon Lat-A addition, the MFI of the BCR in
the cell substrate contact zone (a measure of receptor accu-
mulation) significantly decreased in cells on bilayer, but not
in cells on glass surfaces (Fig. 8 F), suggesting that receptor
accumulation on the glass substrate occurred independently
of actin coordination. To examine whether actin polymeri-
zation was required for clustering efficiency, we compared
the end-to-beginning ratio of the peak cluster intensities
for cluster tracks in the presence and absence of Lat-A onthe two surfaces. The end/begin ratio of peak intensities
was significantly decreased upon Lat-A addition for clusters
on bilayer surface, but much less affected for clusters on
glass surface (Fig. S6 B). This indicates that inhibition of
actin polymerization reduced the efficiency of cluster for-
mation in cells interacting with mobile ligand. Our results
indicate that cluster growth and mobility in response to mo-
bile ligands, but not to immobile ligands, are driven by
active polymerization of actin.DISCUSSION
The clustering of surface BCRs has been shown to initiate
signaling upon contact with surface-bound antigens
(32,33). BCR proximal signaling, in turn, activates actin
reorganization and further cell spreading, providing a posi-
tive feedback by promoting BCR clustering. These discrete
receptor clusters appear to be a common feature of lympho-
cyte activation and thus may represent the basic unit of
signaling. How these signaling assemblies are organized isBiophysical Journal 106(1) 26–36
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FIGURE 7 Actin organization is distinct on bilayer and glass substrates.
(A) Time-lapse images using dual wavelength TIRF of EGFP-actin (green)
cells where BCR were labeled with AF546-Ab (red) spreading on a sup-
ported lipid bilayer substrate show formation of BCR clusters and actin or-
ganization around the clusters. (B) Dual wavelength TIRF images of cells
spreading on a glass substrate show the formation of clusters but a lack co-
ordination of the actin cytoskeleton with BCR clusters. Scale bars are 5 mm.
(C, E) Images of cells spread on bilayer (C) and glass (E) at 6 minutes with
EGFP-actin (green) and pY staining (red). Intensity profiles along the lines
drawn in yellow for bilayer (D) and glass (F) respectively. pY and actin are
plotted on different scales. (G) Pearson’s correlation coefficient for two co-
lor images (GFP- actin and pY) on glass (N¼16) and bilayer (N¼21) for the
area of cell contact at 6 min. The distributions were found to be significantly
different (p< 0.05, t-test).
Ve
lo
ci
ty
 (µ
m/
mi
n) E
Bilayer Glass
*** F
Distance (µm)
Fr
eq
ue
nc
y
Distance (µm)
Fr
eq
ue
nc
y
C D- Lat
+ Lat
- Lat
+ Lat
GlassBilayer
- Lat + LatA B
GlassBilayer
M
ea
n 
R
at
io
 (E
n
d/
Be
g)
******
FIGURE 8 Role of actin polymerization in BCR movement. (A) Repre-
sentative cluster tracks superimposed on a cell contour for a cell spreading
on bilayer in the absence of Lat-A. (B) Representative cluster tracks super-
imposed on a cell contour for a cell spreading on bilayer in the presence of
100 nM Lat-A. (C) Histograms of the total distance traveled by BCR clus-
ters in the absence of Lat-A (blue) and in the presence of 100 nM Lat-A
(green) on a bilayer surface. Smooth curves represent the corresponding
cumulative distributions. (D) Histograms of the total distance traveled
by BCR clusters in the absence of Lat-A (red) and in the presence of
100 nM Lat-A (green) on a glass surface. Smooth curves represent the cor-
responding cumulative distributions. (E) Mean of the average velocity of
BCR clusters on a bilayer surface in the absence of Lat-A (- Lat) is signif-
icantly higher than the velocity in the presence of Lat-A (þ Lat) (p<0.001;
KS-test). Average velocity of BCR clusters on a glass surface is lower in the
absence (– Lat) than in the presence of 100 nM Lat-A (þLat). (F) The ratio
of mean fluorescence intensity (over the entire contact area) from the end to
the beginning of time lapse movies (ranging from 2– 5 min in duration) for
glass and bilayer surfaces in the absence and presence of Lat-A. The mean
ratio is significantly lower in Lat-A for cells spreading on bilayer surface
(N¼23, -Lat; N¼38 þLat; p<0.001; t-test).
34 Ketchum et al.critical for understanding lymphocyte signaling and activa-
tion. We have investigated the role of antigen mobility in
regulating BCR signaling activation. We find that physical
constraints on the mobility of the activating cross-linking
agent not only alters spreading behavior of B cells, but
also clustering dynamics of surface BCRs, and signaling
activation. When interacting with the mobile ligand on lipid
bilayer substrates, BCR microclusters are mobile and prefer
to grow and merge with each other, forming larger clusters
with enhanced pY signaling. In contrast, BCR clusters
induced by the immobile ligand on glass remain small, un-
stable, and dispersed, leading to inefficient signaling. These
results indicate that BCR signaling is promoted by the for-
mation of relatively large and stable supramolecular clusters,
and ligand mobility regulates BCR signaling by modulating
dynamic reorganization of BCRs at the cell surface.Biophysical Journal 106(1) 26–36In B cells stimulated by immobile ligands, most BCR
clusters were immobile but a smaller fraction of clusters
appear to be highly mobile. Since ligands are immobile on
glass, these mobile clusters are unlikely to be engaged
with ligands during their movement, suggesting that un-
bound BCR can self-cluster. Such ligand-free BCR clusters
have been shown to form in B cells treated with Latrunculin
(19,28), but grow to a limited extent and are less signaling
competent than those induced by ligand binding. In
Ligand mobility affects B cell signaling 35response to ligand binding, the early BCR signaling induces
a transient depolymerization of cortical actin and detach-
ment of the membrane from the cortical actin (24). This
actin disassembly releases membrane proteins from lateral
mobility barriers and allows BCR movement and organiza-
tion into clusters (20). The transient depolymerization of
actin potentially leads to the formation of the mobile clus-
ters that we observed in B cells on glass.
The actin cytoskeleton is well known to play an important
role in B cell signaling (30). Previous studies have shown
that perturbing the cortical actin network interferes with
BCR aggregation, cell spreading, and signaling (19,20,23).
Although the importance of an intact actin cytoskeleton in
BCR signaling is well known, the role of actin polymeriza-
tion on BCR dynamics has not been explored. In this study,
we found that mobile and immobile ligands induce actin
remodeling in distinct ways. Actin patches colocalize and
move laterally for relatively long distances with BCR clus-
ters formed in response to mobile ligands. However, in
response to immobile ligands, the actin patches are uncorre-
lated with BCR and move shorter distances. These results
suggest that actin dynamics may facilitate the long-range
movement and coalescence of BCR clusters. Further, the
movement and intensity of BCR clusters on bilayer surfaces
is reduced by inhibition of actin polymerization indicating
a role for actin polymerization in cluster movement. Our
results together suggest an active role for actin cytoskeleton
dynamics in driving BCR movement, leading to further
growth of BCR microclusters. BCR signaling is known to
activate key activators of actin nucleation factors, which,
in turn, may allow actin polymerization to actively drive
the surface BCRs and facilitate their clustering. Recent
modeling studies using stochastic simulations of the dy-
namics of BCR and LFA1 molecules suggest that the forma-
tion of the synapse occurs only if BCR mobility is enhanced
by directed movement as might occur because of actin
polymerization (34). These models and our observations
together suggest that local BCR signaling to actin regulators
lead to actin polymerization and directed motility of clus-
ters, which facilitates BCR aggregation into larger clusters,
enhancing signaling (25). Whether the activation of actin
regulators differs with ligand mobility remains to be
explored.
In summary, our results show that ligand mobility influ-
ences the cell spreading behavior and BCR organization
and signaling on the surface of B cells. Several recent
studies have emphasized the role of ligand mobility on intra-
cellular signaling in immune cells including FcεRI signaling
in mast cells (35) and TCR signaling in T cells (3,36). Our
results suggest that the spatial reorganization of microclus-
ters may be a general theme of immunoreceptor signaling.
Furthermore, in addition to tuning the diffusion dynamics
of BCRs during early signaling (20,24), the actin cytoskel-
eton plays an active role in the fusion and translocation of
receptor clusters, amplifying signaling. The clinical impli-cation of our findings is that vaccine design with mobile an-
tigens, such as viral proteins on liposomes, is likely to be
more effective than immobile antigens where the viral pro-
teins immobilized on hydrogels to activate B cells for anti-
body response. Our results thus provide the knowledge basis
for improving immunogenicity of vaccines by manipulating
the physical form of antigen.SUPPORTING MATERIAL
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